lAP) method for use in small animals that required the administration of both [14C] IAP and [99mTc] pertechnetate and external counting of the latter from the chest; they presented no data, however, on the rates of LCBF in the mouse. In the present study, we have applied the conventional [14C]IAP method (Sakurada et aI., 1978) to measure LCBF in the mouse.
The [14C]IAP method requires the determination of both local tissue [14C] IAP concentrations in brain at the end of a defined experimental period and the history of the [14C]IAP concentration in arterial blood during that period. These require ments are relatively easily satisfied in most experi mental animals, but in small animals, such as the mouse, serious errors can arise if special attention is not paid to avoid or correct for these sources of errors. The present study demonstrates that if the brain is removed and frozen sufficiently rapidly to minimize postmortem diffusion of tracer in the tissues, and if the arterial [14C]IAP concentrations measured in the output from the sampling catheter are properly corrected for distortions due to cath eter lag time and dead space washout, then the [14C] lAP technique can be applied and reasonable values for LCBF obtained in the mouse.
MATERIALS AND METHODS
Chemicals and animals 4-lodo-N-methyl-[14C]antipyrine (specific actIVIty, 53 mCi/mmol) was purchased from Amersham (Arlington Heights, IL, U. S. A. ). [14ClToluene, used for internal standardization of samples assayed for 14C by liquid scin tillation counting, was obtained from New England Nu clear (Boston, MA, U. S.A.). Male mice, strain C57BL6/J, weighing 20-25 g, were purchased from the Jackson Lab oratory (Bar Harbor, ME, U. S. A. ).
Experimental procedure
The animals were prepared on the day prior to the mea surement of LCBF by insertion of polyethylene catheters (Clay-Adams PEIO; ID: 0. 28 mm, OD: 0. 61 mm; Becton, Dickinson, and Co. , Parsippany, NJ, U. S. A.) into a fem oral artery and vein under light halothane-nitrous oxide anesthesia. The lengths of the catheters were standard ized at 130 mm. Both catheters were threaded under the skin of the back to the bregma and then exteriorized through a small opening in the scalp. The catheters were then filled with heparinized saline (100 Ulml) and plugged to keep them patent until the time of the experiment. The animals were returned to their normal environment and allowed food and water ad libitum. On the following day, the mice were transferred to a small plastic restrainer, which provided easy access to the catheters while al lowing some movement of the animal. Arterial blood pressure, pH, pC02, p02, and hematocrit were measured immediately prior to the measurement of LCBF to assess the physiological status of the animal. The period of mea surement of LCBF was approximately I min in duration, during which 5 f.1Ci of [14C] lAP in 100 f.1l of physiological saline were infused intravenously at a progressively in creasing rate to produce a rising arterial concentration of tracer approximating a ramp input function. The ramp input function serves to delay or prevent the equilibration of rapidly perfused tissues with the arterial blood during the period of measurement. Throughout the period of the [14C] lAP infusion, timed arterial blood samples, freely flowing from the catheterized femoral artery, were col lected directly onto filter paper disks placed in small plastic beakers; each beaker was immediately covered after collection of its blood sample. The brains were re moved within 30 s (see below) after the kill time and frozen in isopentane ( -45°C). A final sample of arterial blood was withdrawn from the catheter as soon as pos sible after the time of killing. By interpolation between the concentrations in this delayed sample and the prior one, it was possible to determine the tracer concentration that existed in the arterial blood within the artery at the time of killing and thus correct for the effects of the lag in the catheter (see below).
Each beaker containing the blood samples had been previously weighed and was reweighed after the blood collection to determine the weight of the blood samples.
The filter paper disks were then transferred to scintilla tion vials and suspended in IO ml of scintillation phos phor solution (Aquasol, New England Nuclear, Boston, MA, U.S.A.). Then 1 ml of water was added, and the vials were shaken in a mechanical shaker for 24 h to elute
the [14C] lAP from the filter paper into the phosphor solu tion. The quantity of 14C per sample was assayed by liquid scintillation counting (Model LS-255, Beckman Instruments, Fullerton, CA, U. S. A.) with internal stan dard calibration, The concentration of tracer per unit volume of blood in each sample was calculated from the measured amount of 14C, the weight of the blood sample, and an assumed specific gravity of 1. 05 glml for blood.
Autoradiographic determination of tracer concentration in brain tissue
In the usual procedure of the [14C]IAP method, the animal is killed within I min of the onset of tracer admin istration, and the brain is removed and frozen within a short period of time (usually about 2 min in the rat). Post mortem diffusion of the tracer within the relatively large rat brain between killing and complete freezing does occur and affects the small structures; however, it is gen erally insufficient to obscure completely the differences in local tissue concentrations in large contiguous cerebral structures, except, perhaps, at their boundaries. When 1-2 min from the time of killing was allowed for removal and freezing of the relatively small mouse brain, the ef fects of diffusion were grossly obvious in the autoradio graphs; the normal contrasts among the optical densities for the various brain structures were almost completely lost ( Fig. IA) , To determine a minimally acceptable length of time for removal and freezing of the mouse brain, autoradiographs from mice with 30 s and I and 2 min of brain removal times were compared. The hetero geneity normally seen in the autoradiographs of the brains of larger animals was approached in the small mouse brain only when the brain was removed and trans ferred to the freezing medium within 30 s or less of the kill time ( Fig. IB ). This rapid brain removal time was, therefore, used in all subsequent LCBF measurements.
The frozen brains were cut into sections 20 f.1m in thickness in a cryostat (Hacker Instruments, Fairfield, NJ, U. S. A. ) maintained at -22°C. Three of every 10 sec tions were thaw-mounted on glass coverslips, dried on a hot plate at 60°C, and autoradiographed with x-ray film (type OMl, Eastman Kodak Co. , Rochester, NY, U .S,A,), along with a set of calibrated [14C] methylmeth acrylate plastic standards (Amersham, Arlington Heights, IL, U .S,A.). Adjacent brain sections were stained with thionin for positive identification of the cor responding anatomical structures seen in the autoradio graphs according to the atlas of the C57B 16/J mouse (Sidman et aI. , 1971) . Local tissue concentrations of [14C] lAP were determined in 27 brain regions from the optical densities of the structures of interest in the auto radio graphic images, and a calibration curve was derived from the relationship between the optical densities and the concentrations of the calibrated standards. The quantita tive densitometry was carried out with a computerized image-processing system (Goochee et aI. , 1980) .
Calibration of correction factors for lag and dead space washout in the arterial catheter
Throughout the period of measurement of LCBF, timed samples were collected at the distal end of an arte rial catheter to determine the continuously changing tracer concentration in the arterial blood at the proximal end of the catheter. The short duration of the procedure requires extremely precise timing of the samples. In the case of the larger bore catheters used in the rat, where A: The brain was removed from the cranium and transferred to the freezing medium (isopentane chilled to -45°C) approximately 1 min after killing. Note uniform optical density throughout the brain, indicating diffusion of the tracer. B: The brain was removed within less than 30 s and then frozen similarly. Note the heterogeneous optical densities, which reflect the differences in local blood flows.
flow per unit volume of catheter dead space is high, the tracer concentrations measured in the samples collected at the free end of the catheter are reasonably representa tive of the tracer concentrations in the arterial blood at the same time. In the mouse, however, catheters of smaller bore but approximately equal length must be used, and the flow rate per unit volume of catheter dead space is reduced. Two types of arterial sampling distor tions then occur that must be taken into account. One arises from the delay or transit time in the passage of blood from the proximal to the distal end of the catheter; the other is due to dilution of the true arterial concentra tion sampled at the proximal end of the catheter by the dead space within the catheter, i. e. , the so-called washout effect. To correct for the effects of these distor tions, it is necessary to know the dynamic properties of the sampling system.
The dynamics of the sampling system were examined in eight experiments in which catheter blood flow rates were selected, established, and maintained by means of a perfusion pump. In these calibration experiments, a range of flows, 73-392 f.lIlmin, was selected; this range extended above and below the catheter flow rates en countered during the LCBF determinations in the mice, which varied between 127 and 258 f.lIlmin. A catheter (Clay Adams PElO; ID: 0.28 mm; 00: 0.61 mm; 130 mm long), identical in all respects to those used for arterial blood sampling in LCBF measurements in mice, was filled with nonradioactive heparinized blood (10 U/ml blood) and connected to a 0.5 ml syringe filled with hepa rinized blood (10 U/ml blood) containing [14C] lAP (0.3 f.lCi/ml). The syringe was placed in a Harvard infusion pump (Model No. 944, Harvard Apparatus Co., South Natick, MA, U.S. A. ). At 0 time, the pump was started, and timed blood samples were continuously collected as rapidly as possible (i. e. , every 2 s) during a I-min period from the free end of the catheter directly onto pre weighed filter paper disks. The 14C concentrations in the blood samples were measured as described above.
The transit or lag times (Ll/) in traversing the catheters were readily determined from the output curves obtained in these experiments; they are equal to the time delays between onset of perfusion and the appearance of 14C in the blood exiting the catheters. The lag or transit times could also be reasonably well approximated by dividing the dead space volume of the catheter by the blood flow rate through the catheter. The transit time varied with the catheter flow rate, the higher the flow the shorter the lag.
The lag times in these calibration experiments varied be tween 0.0 1 and 0.09 min. A linear regression equation re lating catheter flow rate to transit time was derived. In the experiments in which LCBF was measured in the mice the catheter flow rate was estimated from the total volu�e of arterial blood collected in the arterial samples and the duration of the experimental period, and the lag time was determined either by means of the regression equation or from linear interpolation bet ween the values of catheter flow rate and transit time obtained in the cali bration experiments. The effects of the lag time in both the calibration experiments and in the measurement of LCBF could be accounted for by shifting the time scale as follows:
where t' equals the clock time when the samples were collected at the distal end of the catheter, Llt equals the lag time, and 1 is the time that the samples collected at the distal end of the catheter actually existed in the artery.
The factors necessary to correct for the effects of the distortion due to the catheter dead space washout were also determined in the same calibration experiments. After the initial lag due to the transit time within the catheter, the time course of the concentration in the cath eter output could be approximated by a single exponen tial equation of the following form:
(2) where C a is a constant that represents the 14C concentra tion in the blood in the syringe (i. e. , the input to the arte rial end of the catheter); C� = C a is the measured 14C concentration in the blood sampled at the distal end of the catheter; r is an exponential rate constant that repre sents the clearance constant of the dead space of the catheter; and t is the clock time after correction for the lag time in the catheter according to Eq. I. 1988 Rearranging Eq. 2 and taking the natural logarithm of both sides yields the following linear equation:
(3) Figure 2 illustrates the response of the arterial sam pling system to one specific catheter flow rate, an arith metic plot of the data in Fig. 2A and the semilogarithmic plot in Fig. 2B . The semilogarithmic plot always yielded a curve closely approximating a straight line, indicating a single exponential function in accordance with Eq. 3 and suggesting turbulent flow and good mixing within the catheter dead space. The values of r were determined from the half-times in the semilogarithmic plots as follows:
where TII2 equals the half-time.
The value of r varied with the catheter flow rate; the higher the flow the larger the r. The relationship between catheter flow and r over the full range of flows examined in the calibration experiments is graphically illustrated in Fig. 3 . The linear regression equation derived from these data (Fig. 3 ) was used to estimate the value of r from the measured catheter flow rates that occurred during the de terminations of LCBF in the mice.
The rates of catheter blood flow during the measure ment of LCBF all fell within the limits of the range exam ined in the calibration experiments (Fig. 3) . The flow rates and the corresponding lag times and r values used in each determination of LCBF in the seven mice are listed in Ta ble 1.
Computation of local cerebral blood flow
The original operational equation of the local blood flow method did not employ any correction for distortion of the arterial input function (Kety, 195 1, 1960) . Reivich et al. (1969) used a correction procedure that made no assumptions about the response properties of the cath eter system. Sakurada et al. (1978) needed no washout correction because of the very high ratio of flow to dead space volume in their catheter system. We have cor rected for the distortion of the arterial input function in the catheter by use of the following modified operational equation derived by Freygang and Sokoloff (1958) , which assumes a monoexponential washout of the catheter dead space:
where C;(n is the tissue concentration of the tracer at a given time, T, after its introduction into the circulation at zero time; C� is the measured concentration of the tracer in the arterial blood sampled from the distal end of the catheter; A is the tissue/blood partition coefficient for the tracer; r is the rate constant for the monoexponential washout of the catheter dead space; t is the variable time after correction for the transit time through the catheter; and K is a constant that incorporates within it the rate of blood flow in the tissue. The constant K is defined as follows:
where F/W equals the rate of flow per unit mass of tissue; A is the tissue/blood partition coefficient for the tracer; The value of r, the rate constant for the washout of the catheter dead space, was calculated from the half-life of the function (1 -C� ICa) and found in this determination to be 17.7 min -'. and m is a constant between 0 and I representing the ex tent to which diffusion equilibrium between the blood and tissue is achieved during passage from the arterial to the venous end of the capillary (Kety, 1951) . In the absence of arteriovenous shunts and diffusion limitations, m = I. 
RESULTS

Lag times and r values in the LCBF determinations
In the experiments in which LCBF was deter mined, the catheter flow rates varied between 127 (Table 1) .
Local cerebral blood flow in the normal mouse
Values for local blood flow varied widely in the 22 gray and five white matter structures examined; with the exception of the fasciculus retroflexus, it was approximately two to four times higher in gray The arterial catheter in each experiment was Clay-Adams PEiO (ID: 0.28 mm; 00: 0.61 mm). 130 mm in length; the dead space in the catheter was 8 fLl. The catheter flow rate was deter mined from the total blood volume collected and the duration of the experimental period. The catheter dead space clearance constant (r) was determined from the regression equation of r versus catheter blood flow in Fig. 3 . The absolute lag time in the catheter was also determined from a similar regression equation of lag time versus catheter flow determined in the calibration experiments.
J Cereh Blood Flow Me/ab, Vol. 8, No. 1, 1988 than in white matter (Table 2 ). Blood flow varied in white matter from 48 mIll 00 g/min in the corpus callosum to 96 mill 00 g/min in the fasciculus retro flexus and in gray matter from 86 mlllOO g/min in the hypothalamus to 198 mill 00 g/min in the inferior colliculus.
Effects of failure to correct for arterial catheter lag and washout
Comparison of the values for LCBF calculated with and without corrections for lag time and cath eter washout showed that blood flow is significantly overestimated if the corrections are not applied ( Table 2 ). The degree of overestimation is greater the higher the rate of blood flow, and the per centage difference between corrected and uncor rected values correlated significantly with the rate of blood flow (rXY = 0.830; p < 0.001). Failure to correct increased the estimate of blood flow by 15-18% in white matter and 16-29% in gray matter (Table 2) .
DISCUSSION
The present study demonstrates that the [14C] lAP method can be used to measure LCBF in the mouse. The use of the method in such a small an imal requires, however, particular attention to rapid removal and freezing of the brain and appropriate corrections for distortions of the arterial input func tion in the catheter sampling system. Even when the method is used in larger animals, some post mortem diffusion of tracer from more highly la beled to lesser labeled regions undoubtedly occurs during the period before the brain is fully frozen. With the relatively large structures of the cat or rat brain, the effects of diffusion are probably signifi cant only close to the borders of the structures and negligible within their depths. In the mouse brain, the structures are much smaller and more densely packed, and diffusion distances are much less; the problem, therefore, becomes more severe. When a minute or more was taken to dissect out and transfer the mouse brain to the freezing medium, relatively little structural heterogeneity was seen in the autoradiographs. It was necessary to remove the brain in 30 s or less to approach the degree of heterogeneity usually seen in autoradiographs of larger brains. Even then, some diffusion must have occurred that would have artifactually raised the estimates of blood flow in slowly perfused tissues and lowered them in rapidly perfused tissues, par ticularly in small structures contiguous to others with a widely different rate of blood flow. This problem might be better resolved by freezing the Values are means ± SEM. The percentage of difference represents the mean of the individual percentages of differences in each of the animals and not the percentages of difference between the means. The p values were determined by the Student t test for paired comparisons.
"p < 0.05.
b P < 0.01. whole mouse as fast as possible and autoradio graphing sections of the whole head. The method requires accurate definition of the time course of the arterial input to the brain. The arterial blood is sampled, however, via a catheter system, which introduces distortions due to an ab solute delay and smearing within the catheter. The effects of these distortions can be minimized or even eliminated by increasing the rate of blood flow relative to the dead space within the catheter. The magnitude of the error is dependent on the rate of blood flow in the tissue; the higher the blood flow the greater the percentage of error. We have esti mated that the flow rate in the catheter should be at least 40-50 times the volume of the dead space per minute to reduce the errors due to catheter distor tions to insignificant levels even in the most highly perfused tissues (i.e., K/r in Eq. 4 and 5 approaches 0). This problem can be readily handled in larger animals by adjusting the diameter/length ratio of the catheter to allow such a flow/dead space ratio. This is the technique used by Kennedy et al. (1972) and Sakurada et al. (1978) in the beagle puppy and rat, respectively, to avoid the errors due to catheter distortions. This is not practicable in the mouse be cause the catheter cannot be made much shorter, and reduction in the diameter of the catheter re duces the dead space but raises the frictional resis tance and lowers the rate of flow in the catheter. Furthermore, because of the small size of the an imal and its blood volume, the amount of blood sampling must be kept to a minimum.
In cats, Reivich et al. (1968 Reivich et al. ( , 1969 could not re duce the catheter length sufficiently to achieve an adequate flow/dead space ratio to ignore the cor rections and used a correction procedure that is generally applicable and requires no assumption of a well-mixed compartment in the catheter dead space. Even if flow through the catheter is insuffi cient to reduce the lag and washout corrections to negligible levels, it can be sufficient to achieve tur bulence and complete mixing in the catheter. Under those conditions, the correction procedure used by Freygang and Sokoloff (1958) , which does assume these conditions, can be and was used in the present studies. That these conditions were reason ably well satisfied is indicated by the essentially single exponential washout of the catheter system illustrated in Fig. 2 .
It should be noted that the determinations of the rate constant, r, needed to correct for the effects of catheter washout were all made with a constant flow of blood through the catheter. The output from the heart and the arterial blood flow are, however, pulsatile, and the properties of the catheter system might differ in response to pulsatile and constant flows. This turned out not to be an issue in the case of the mouse. Because of the very high frequency of the heart rate in the mouse, 592-631 beats/min (Schlager, 1974) , and the capacitance of the cath eter system, the relatively high-frequency pulsatile flow in the artery is damped to an essentially con tinuous flow in the catheter, and a constant flow is, therefore, a satisfactory input with which to define the relationship between catheter flow rate and r.
A related issue that is not trivial in the determina tion of LCBF in small animals, like the mouse, is the total volume of blood sampled in the procedure. It is desirable to maximize the flow rate through the arterial catheter to minimize the corrections for the catheter distortions, but the small blood volume of the animals limits the amount of the blood that can be withdrawn. The mice in the present study weighed 20-25 g with blood volumes probably equal to 8% of body weight. In these experiments, the total volume of blood sampled during the I-min procedure was approximately 127-258 /-ll but was partially replaced by the simultaneous infusion of 100 /-ll of physiological saline containing the [14C] lAP. The net loss was, therefore, in the range of 2-10% of blood volume. In separate experiments, mice were bled at an estimated rate of 6-12% of their estimated blood volumes over a period of 1-2 min, and no significant changes in their arterial he matocrit or blood pressure were observed. Al though care must be taken not to bleed the animal excessively, blood loss does not appear to be a major influence in the results of the present study.
With these methodological problems taken into account, the present studies provide, to our knowl edge, the first quantitative measurements of LCBF in the mouse. As in the rat and cat (Sakurada et aI., 1978) , LCBF varies widely among the structures of the brain. The values in gray matter are generally two to four times those in white matter. As in all other laboratory animals that have been studied, the components of the auditory system are the most J Cereb Blood Flow Metab. Vol. 8. No. J. 1988 highly perfused structures in the brain, with the highest rate of blood flow in the inferior colliculus. Blood flow in the cerebral cortices appears to be lower in the mouse than in the rat, and in the cere bellum blood flow is higher in the mouse than in the rat. The rates of blood flow found in white matter are slightly higher in the mouse than in the rat and cat, but this probably reflects postmortem diffusion of tracer from more heavily labeled gray structures into adjacent white matter. One structure com posed of predominantly white matter, the fasciculus retroflexus, has a rate of blood flow almost double that of other white matter structures. This has not been noted in other animals and certainly does not occur in rats. The values for LCBF obtained in the present study appear to correlate closely with pre viously reported local rates of glucose utilization in the mouse (Jay et aI., 1985b) , and the fasciculus ret roflexus has also been found to have an unusually high rate of glucose utilization for white matter (Jay et aI., 1985a (Jay et aI., , 1985b . The ratio of blood flow to glu cose utilization in this structure (1.02 ml blood flow per /-lmol glucose utilization) is, however, consider ably less than the ratio found in most other cerebral structures (1.49 mll/-lmol); the reasons for the high rates of blood flow and glucose utilization and the relative imbalance between blood flow and metabo lism in this structure are unknown.
